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Abstract 
Climatic parameters and atmospheric pollution are highly relevant to the degradation of several building materials like 
construction metallic materials, concrete structures and plasters of buildings, bridges or art sculptures. Degradation of not only 
metal materials, but also other construction materials (concrete, glass, etc.) by chemical environmental loads is an increasingly 
serious problem not only in Slovakia, but all over the world. The atmosphere and, ultimately, the hydrosphere could be 
particularly polluted by industrial activity, thus causing an increased corrosion aggressiveness of atmosphere. In the article, the 
air pollution impact on stone materials and carbon steel in Slovak Republic is observed. In the evaluation, there are used dose-
response functions, which were developed based on long-term research by the other authors. Effectively, multi-annual climatic 
parameters and parameters of air pollution in Slovak Republic were used for generation of the maps of annual average surface 
loss of stone materials and carbon steel. 
One of the priorities of that research is creation of corrosion maps of different materials, which do not help to protect materials, 
but could be useful for prediction of risks during design, analysis and maintenance. The values obtained from this interpolation 
of the maps would be used as a basis for a long-term research work in mapping the state of degradation of various materials in 
Slovak Republic. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Air pollution is an important factor in material deterioration, as well as for systems used for materials 
protection. Damaged structural materials by corrosion processes entail considerable costs for maintenance and 
rehabilitation of structures. Due to the harmful influence of air pollutants, the corrosion processes are intensified. 
Due to air pollution, the intervals of the buildings’ and structures’ maintenance are still too short. Construction 
materials of the buildings and the other structures including the cultural heritage, exposed to the atmosphere, 
deteriorate more rapidly. Due to corrosion and its physicochemical reactions, the materials change chemical, 
physical and mechanical properties. 
 
Reinforced concrete structures, which show signs of degradation, are tested by specialists, who are able to 
determine the causes of the deterioration and advise what action be taken. If specialists do nothing other than carry 
out regular safety inspections, it is needed to take action to prevent the deterioration from getting worse, carry out 
repairs to restore deteriorating parts of the structure to a satisfactory condition or at the end, demolish and rebuild 
complete or part of the structures. Consequently, repair strategies by Pullar-Strecker [1] tend to one of two 
extremes: low-cost patch repairs done on a wait and see basis with the acceptance that further repair would 
probably be needed from time to time and high-cost fundamental repairs carried out with the hope that a permanent 
cure will be achieved. 
 
Actually, corrosion causes a major financial problem, whether in infrastructure, construction, mechanical 
engineering or cultural heritage, it also causes the higher failure rate and reduction in reliability of structural 
elements that can lead to serious consequences like property damage or the loss of life. From the eighties of the 
twenties century, several studies on the costs of corrosion were carried out, as well as studies about deterioration of 
materials due to air pollution exposure. 
 
To eliminate any economic consequences, it is good to know how the atmospheric environment affects the basic 
exposed materials. In order to identify regional differences in intensity of corrosion processes within Slovakia, 
theoretical maps of corrosion rates for construction materials have been produced. Mapping procedure and results 
according to EN ISO 9223 standard [2], acquired from long term research in nearby European countries, are 
presented and discussed. 
2. Monitoring of air pollution 
The aggressiveness of the atmosphere rapidly increased at the end of the XIX century, when the industry started 
to develop. In fact, air pollution causes the problems with ecosystem and health, as well as the problems with 
damage to civil engineering structures like bridges, buildings including historic buildings and monuments. In 
response to those acute problems, a High-level Meeting within the Framework of UN ECE on the Protection of the 
Environment was held in 1979 in Geneva. It resulted in the signature of the Convention on Long-range 
Transboundary Air Pollution, leading to compliance with stricter criteria for industrial production. It caused 
significant decreasing in concentration of SO2, and with it also the acidity of precipitation in the atmosphere. Due 
to those economic and environmental changes in many developed countries, the degradation of the materials in 
Europe caused by sulfur compounds is much lower today. Nevertheless, the air pollution is still a difficult problem, 
because many other factors, causing increased corrosion loss of conventional materials, are still used in human life. 
It is still important to deal with effective strategies to reduce harmful substances in the air, as well as to propose 
solutions to improve climate of our planet. 
 
One of the several effect oriented programs is ICP Materials – International Co-operative Programmes within 
the United Nations Economic Commission for Europe (UN ECE). The program of an extensive field exposure was 
started in 1987. Twelve European countries, United States and Canada created 39 exposure sites with Sweden as 
the leading country. Sub-centres in Czech Republic, Germany, Norway, United Kingdom, Sweden and Austria 
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have been responsible for evaluation of individual groups of materials including structural metals, stone materials, 
paint coatings, electric contact materials, glass and polymer materials. The main objective of this program by 
Tidblad et al. [3] was to quantitatively assess the impact of air multi-pollution, such as ozone, particulate matter, 
sulfur and nitrogen compounds and other substances, as well as evaluating parameters affecting atmospheric 
corrosion and pollution of major materials used in the construction and reconstruction of constructions and cultural 
heritage objects. 
 
Thanks to this 8-year field UN ECE exposure program, the results by Johan Tidblad et al. [4] are shown in 
Table 1. Functions for materials exposed in unsheltered atmospheric position were obtained. It is known, that dose-
response function is a common methodology to express deterioration rates due to relationship between the 
corrosion or deterioration rate and the level or loads of pollutants in combination with climatic parameters. The 
relation shows that dry deposition of SO2 is the most important pollutant parameter, except for copper where ozone 
is also important. To calculate corrosion rates or lifetime, the time was included in these dose-response equations. 
Table 2 shows all parameters used in the final dose-response functions. 
 
Table 1. Dose-response functions of basic construction materials like structural metals (zinc, copper, aluminum) and stone 
materials (limestone, sandstone) based on 8-year results (1987-1995) by Tidblad et al. [4]. 
Dose-response functions  
MLzinc = 1.4[SO2]0.22e0.018Rhe f(T)t0.85 + 0.029Rain[H+]t 
where f(T) = 0.062(T − 10), when T < 10°C; otherwise f(T) = − 0.021(T − 10) 
(1) 
MLcopper = 0.0027[SO2]0.32[O3]0.79Rhef(T)t0.78 + 0.050Rain[H+]t0.89 
where f(T) = 0.083(T − 10), when T < 10°C; otherwise f(T) = − 0.032(T − 10) 
(2) 
MLaluminum = 0.0021[SO2]0.23Rhef(T)t1.2 + 0.000023Rain[Cl-]t 
where f(T) = 0.031(T − 10), when T ≤ 10°C; otherwise f(T) = − 0.061(T − 10) 
(3) 
Rlimestone = 2.7[SO2]0.48e-0.018Tt0.96 + 0.019Rain[H+]t0.96 (4) 
Rsandstone = 2.0[SO2]0.52ef(T)t0.91 + 0.028Rain[H+]t0.91 
where f(T) = 0, when T ≤ 10°C; otherwise f(T) = − 0.013(T − 10) 
(5) 
 
 Table 2. Environmental parameters used in the final dose-response functions. 
Symbol Description Unit Symbol Description Unit 
t Time year [Cl-] Cl- concentration μg.m-3 
T Temperature °C [HNO3] HNO3 concentration μg.m-3 
Rh Relative humidity % [O3] O3 concentration μg.m-3 
Rain Amount of precipitation mm.year-1 PM10 PM concentration (<10μm) μg.m-3 
[H+] Acidity of precipitation mg.l-1 ML Mass loss g.m-2 
[SO2] SO2 concentration μg.m-3 R Surface recession μm 
 
At a later stage, the decreasing SO2 levels and the increasing car traffic causing elevated levels of nitrogen 
compounds, ozone and particulates has created a new multi-pollutant situation in Europe, where SO2 is no longer 
dominant. This unsheltered position exposure program described by Kucera et al. [5, 6] was later complemented 
and extended with measurements of HNO3 and particulate matter by EU project Model for multi-pollutant impact 
and assessment of threshold levels for cultural heritage MULTI-ASSESS. The dose-response functions of this 4-
year multi-pollutant exposure program started in 1997 are shown in Table 3. Concentration of NO2 is closely 
related to HNO3 included for zinc and limestone equations. The possibility of calculating the nitric acid 
concentrations from NO2, O3, Rh and temperature is given in the draft Mapping manual - chapter 4 [7, 8].  
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The measured environmental data like climatic parameters (temperature, relative humidity), gaseous pollutants 
(SO2, NO2 and O3) or precipitation are usually obtained by own measurement systems or from nearby 
environmental stations. Because of cost reasons a test sites are preferably situated where high quality measurement 
are already made. Slovak hydrometeorogical institute (SHMÚ) has several measuring stations. Figure 1 shows the 
average concentrations of SO2 measured by SHMÚ in different localities of Slovak Republic in years 2004 – 2012. 
Figure 2 shows the map of 5-year average concentration of SO2 in atmosphere in Slovakia measured by SHMÚ 
during the years 2007 – 2011. 
 
Table 3. Dose-response functions of basic construction materials like structural metals (carbon steel, zinc, copper) and stone material 
(limestone) based on 4-year results (1997-2001) by Kucera et al. [5]. 
Dose-response functions   
MLcarbonsteel = 29.1 + (21.7 + 1.39[SO2]0.6Rh60ef(T) + 1.29Rain[H+] + 0.593PM10)t0.6 
where f(T) = 0.15(T − 10), when T < 10°C; otherwise f(T) = − 0.054(T − 10)  
and Rh60 = Rh – 60 when Rh > 60; 0 otherwise  
(6) 
 
MLzinc = 1.82 + (1.71 + 0.471[SO2]0.22e0.018Rhef(T) + 0.041Rain[H+] + 1.37[HNO3])t 
where f(T) = 0.062(T − 10), when T < 10°C; otherwise f(T) = − 0.021(T − 10) 
and [HNO3] = 516e-3400/(T+273)([NO2] [O3]Rh)0.5 
(7) 
MLcopper = 3.12 + (1.09 + 0.00201[SO2]0.4[O3]Rh60ef(T) + 0.0878Rain[H+])t 
where f(T) = 0.083(T − 10), when T < 10°C; otherwise f(T) = − 0.032(T − 10) 
and Rh60 = Rh – 60 when Rh > 60; 0 otherwise 
(8) 
Rlimestone = 3.1 + (0.85 + 0.0059Rh60[SO2] + 0.078Rh60[HNO3] + 0.054Rain[H+] + 0.0258PM10)t 
where [HNO3] = 516e-3400/(T+273)([NO2] [O3]Rh)0.5 
(9) 
 
 
 
SO2 
concentration 
[ μg/m3 ] 
3.64 
5.39 
7.14 
8.89 
10.65 
Fig. 1. Average deposition data for SO2 measured by SHMÚ in different localities of Slovak Republic in years 2004-2012. 
 
 
Fig. 2. Annual average of SO2 concentration in atmosphere in Slovak Republic (2007-2011). 
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3. Results and discussions 
ICP Materials is one of several ICPs under the Working Group on Effects (WGE) of the Convention on Long-
range Transboundary Air Pollution (CLRTAP). Countries participating in this program are responsible for its 
implementation. In September 2014 Slovak Republic joined the new 3-year program and established new test site 
in Žilina, see Figure 3. Materials like carbon steel, weathering steel, zinc, copper, glass and limestone are tested in 
this program. 
 
Because of interested about reconstructions of the bridges and buildings, the next main aim is to test not only 
the aforementioned materials, but also several other materials like reinforcement, concrete and FRP materials. 
Based on earlier studies by Zemko and Kapasny [9], similar samples of reinforced concrete are required. As can be 
seen on samples on Figure 4, the corrosion attack is considerable and the cohesion of two different materials is 
damaged. The samples of the long term research will exposed on the air pollution for different periods and 
compared to the research by ICP Materials. For comparison, the preliminary maps of carbon steel and stone 
materials weight losses, prepared according to dose-response function were simulated. 
 
Fig. 3. Test site at the University of Žilina, Slovak Republic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Samples of reinforced concrete after a long period of research by Zemko and Kapasny [9]. 
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To produce the maps of weight loss, it is important to know all the parameters of air pollution and climatic data. 
Based on dose-response functions presented by Kucera et al. [5], Figure 5 shows the preliminary map of carbon 
steel mass loss in Slovakia made according to Equation 6. This equation includes besides the SO2 concentration, 
amount of precipitation, relative humidity, temperature and acidity of precipitation, as well as particulate matter, 
like one of the multi-pollutant situation. 
 
 
Mass loss 
ML 
[ g/m2 ] 
  33.37 
  39.83 
  46.28 
  52.73 
  59.18 
Fig. 5. Annual average mass loss of carbon steel for the first year of exposure created by Equation 6 (Table 3). 
For the first phase of research by Tidblad et al. [4], the dose-response functions of stone materials do not 
include the influence of HNO3 concentration. The preliminary map of annual average surface recession of 
limestone, prepared according to Equation 4, is shown in Figure 6. The spread of values is bigger than in Figure 7, 
where the map of average surface recession of limestone, by Equation 9 by Kucera et al. [5], is shown. For 
comparison, the map of the second stone materials (sandstones) surface recession was created by Equation 5 and is 
shown on Figure 8.  
 
 
Surface recession 
R 
[ μm ] 
  4.26 
  4.99 
  5.73 
  6.47 
  7.20 
Fig. 6. Annual average surface recession of limestone for the first year of exposure created by Equation 4 (Table 1). 
 
Surface recession 
R 
[ μm ] 
  5.11 
  5.41 
  5.71 
  6.01 
  6.31 
Fig. 7. Annual average surface recession of limestone for the first year of exposure created by Equation 9 (Table 3). 
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Surface recession 
R 
[ μm ] 
  4.00 
  4.72 
  5.44 
  6.16 
  6.88 
Fig. 8. Annual average surface recession of sandstone for the first year of exposure created by Equation 5 (Table 1). 
After the 4-year exposure program (1997-2001), the equations for several materials were reviewed for surface 
recession during the years 2002-2003. The dose-response functions which are not derived with an inclusion of time 
as an independent variable, are shown in Table 4. For comparison, the map of surface recession of carbon steel was 
create and it is seen in Figure 9. Actually, the values of surface recession are lower than the values of the mass 
loss. However, the order of magnitude is about 3 times smaller. 
 
Table 4. Dose-response functions of basic construction materials like structural metals (carbon steel, zinc, bronze) and stone material 
(limestone) after transformation to surface recession after 4-year results (1997-2001) by Kucera et al. [5]. 
Dose-response functions   
Rcarbonsteel = 6.5 + 0.178[SO2]0.6Rh60ef(T) + 0.166Rain[H+] + 0.076PM10 
where f(T) = 0.15(T − 10), when T < 10°C; otherwise f(T) = − 0.054(T − 10)  
and Rh60 = Rh – 60 when Rh > 60; 0 otherwise  
(10) 
 
Rzinc = 0.49 + 0.066[SO2]0.22e0.018Rhef(T) + 0.0057Rain[H+] + 0.192[HNO3] 
where f(T) = 0.062(T − 10), when T < 10°C; otherwise f(T) = − 0.021(T − 10) 
and [HNO3] = 516e-3400/(T+273)([NO2] [O3]Rh)0.5 
(11) 
Rbronze = 0.15 + 0.000985[SO2]Rh60ef(T) + 0.00465Rain[H+] + 0.00432PM10 
where f(T) = 0.060(T − 11), when T < 11°C; otherwise f(T) = − 0.067(T − 11) 
and Rh60 = Rh – 60 when Rh > 60; 0 otherwise 
(12) 
Rlimestone = 4.0 + 0.0059Rh60[SO2] + 0.078Rh60[HNO3] + 0.054Rain[H+] + 0.0258PM10 
where [HNO3] = 516e-3400/(T+273)([NO2] [O3]Rh)0.5 
(13) 
 
 
 
Surface recession 
R 
[ μm ] 
  13.97 
  15.54 
  17.10 
  18.67 
  20.24 
Fig. 9. Annual average surface recession of carbon steel created by Equation 10 (Table 4). 
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4. Conclusion 
According to the standard EN ISO 9223 [2], the level of uncertainty for carbon steel is obtained in two different 
classes of assessment. One of the methods based on the measurements of corrosion rates of standard samples 
represent 2 percentage variation. The level of uncertainty, established by estimate based on the information about 
the environment, is higher and represents about -33 to 50 percentages. Actually, the huge difference is due to many 
aspects and uncertainties. The main factors obtained in this standard EN ISO 9223 could be based on the dose-
response function uncertainty or by measurements of air pollution and climatic data. The aim of the research is to 
reduce the gaps between the class levels of uncertainty. That is the reason to construct several sites with racks for 
the samples of various materials in Slovakia. According to climatic data, gaseous pollutants and precipitation 
measurements, it is important to choose all site types like urban, rural and industrial by standard EN ISO 8565 
[10]. This is related to the preparation of samples for measurement of degradation of surfaces and surface layers, 
including the volumes of conventional and modern construction materials in real terms, as well as control and 
reference samples. To evaluate the results of corrosion tests, it is necessary to characterize the atmospheric 
conditions at the sites. Therefore, the cooperation with Slovak hydrometeorogical institute is important, as well as 
the location of corrosion sites close to measurement stations or to provide the own measurement by measuring 
instruments, which would be able to log the climatic data and information about pollution.  
 
In accordance with the climate and air pollution in Slovakia, the long-term objective is to design and adjust 
dose-response functions for individual construction materials, focusing on the impact of not only sulfur oxides, 
nitrogen, carbon, particles matters and ozone, but also the impact of UV radiation, and last but not least chlorides, 
not only in the air, but also in areas of the network of roads, especially bridge structures.  
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